Inflammatory processes are involved in the pathogenesis of the most common chronic non-communicable diseases and may also play an important initiating role in their development. Only recently have inflammatory markers been included in epidemiological studies focusing on nutritional status, body composition and physical activity. We are just starting to understand how different lifestyles can determine basal levels of inflammatory biomarkers in early ages. This review aims to summarise what is known about the relationships between lifestyle-related determinants (focusing on overweight, physical activity and dietary habits) and inflammatory markers in apparently healthy young populations. Obesity is the most widely studied determinant. Several large-scale studies have now demonstrated that healthy young subjects with more body fat or higher BMI have moderately higher concentrations of inflammatory markers than their leaner peers, supporting the idea that obesity should be considered as a state of chronic low-grade inflammation. Less data is available to allow us to elucidate how physical activity/fitness or dietary patterns may have a direct effect on inflammation in apparently healthy, disease-free young populations.
The immune system is intimately linked to health disorders such as obesity, type 2 diabetes and cardiovascular disease (CVD) and may also play an important initiating role in the development of these and other chronic diseases. It is of special interest to study these interrelationships in young, disease-free populations, where interaction effects by any ongoing chronic inflammatory pathology that could be present in an adult apparently disease-free population, are minimised. To target groups for special attention or to evaluate what kind of promotion is most effective to prevent chronic diseases, the study of new biomarkers such as mediators of the inflammatory processes is important. Because CVD often has its origins in young age and because several risk factors for CVD track from childhood to adulthood, understanding the distribution and implications of such risk factors among adolescents is of considerable interest for the prevention of future diseases while there is still an opportunity to reverse any damage.
This review aims to summarise published data on the relationships between lifestyle-related determinants (i.e. overweight, physical activity/fitness and dietary habits) and inflammatory markers in apparently healthy young populations.
Inflammation markers and cardiovascular disease risk in youth
Atherosclerosis is now widely accepted as a chronic inflammatory disease that is initiated by vascular injury induced by oxidised LDL, reactive oxygen species, infection, etc.
1,2 . A key feature in the inflammation hypothesis is the recognition that circulating immune cells are recruited to the inflamed vessel through the interaction between adhesion molecules and chemokines. We cannot study in vivo inflammatory processes in vessels of large groups of healthy young volunteers, but by analysing their blood, we can assess immune cells and their functionality, receptors and inflammatory proteins relatively easily.
Ultrasonography is used in research for the noninvasive detection of atherosclerotic changes in the arterial wall. With this method, serum C-reactive protein (CRP) concentration has been found to be associated with early arterial changes in children and adolescents 3 , supporting the hypothesis that inflammation plays a role in the pathogenesis of early atherosclerosis.
CRP concentrations are easily, accurately and fairly inexpensively measured in blood. It is an acute phase reactant and a very sensitive marker of inflammation. High CRP levels have no specificity in differentiating disease entities from one another, but despite its lack of specificity, CRP has now emerged as one of the most powerful predictors of cardiovascular risk. In a direct comparison of a panel of inflammatory and lipid markers in predicting cardiovascular events in adults, CRP could surpass other classical risk markers, including LDL cholesterol 4, 5 . The American Heart Association and the Center for Disease Control and Prevention in the USA issued a joint statement confirming that CRP is the best and most clinically useful of the markers of inflammation currently available, with the following cut-off points for assessing CVD risk: low risk (CRP , 1·0 mg/l), average risk (1·0 -3·0 mg/l), and high risk (. 3·0 mg/l) 6 . However, these cut-off points are for adults and no reference ranges are yet defined for children or adolescents. Using data from 524 Spanish adolescents, 13-18 years of age, from the multicentre "AVENA" study as an example to classify apparently healthy adolescents with these cut-offs, 68 % of the subjects were at low risk, 23 % at average risk and 7 % at high risk. Concentrations ranged from 0·04 to 47·37 mg/l and the median was 0·64 mg/l; 2 % of the subjects had CRP levels . 10 mg/l 7 . These last high CRP concentrations most probably reflected an acute phase response to infectious disease or immune disorders characterised by acute inflammation, a process which is natural and necessary to combat any infection. In research of chronic inflammation however, to minimise the confounder of an ongoing infection, subjects with values . 10 mg/l should be excluded from analyses or studied on another occasion.
The main way for the immune cells to communicate with each other and with other cells is regulated by small proteins called cytokines. They are produced mainly by cells within the immune system, e.g. monocytes, macrophages, and T lymphocytes, but also by other cells, e.g. mast cells, fibroblasts, endothelial cells, neurons and also by adipocytes. Cytokines interact in a complicated way, inducing or inhibiting the production and the effects of each other. Sometimes, especially in inflammation, cytokines appear in the circulation most often in order to regulate the gene expression in a specific organ or cell type. This is the case when IL-1, IL-6 and TNF-a induce the hepatic synthesis of acute phase proteins.
Other markers are present in chronic inflammation that may have pathophysiological roles in the development of chronic diseases, including adhesion molecules and acute phase proteins other than CRP, such as complement factors, but these markers are only just beginning to be included in population based studies of healthy asymptomatic young people.
Throughout this review we suggest that chronic low-grade inflammation could promote future disease. It is, however, important to stress that the serum values of inflammatory proteins presented in the discussed epidemiological studies are always within normal ranges, which implies that the populations are healthy and that the meaning of chronically high values may be clinically significant in the long term.
Obesity-induced chronic low-grade inflammation
Obesity has repeatedly been associated with moderately raised levels of inflammation in adults, and this observation has led to the view that obesity is characterised by a state of chronic low-grade inflammation 8 . There is also increasing evidence to show that chronic subclinical inflammation is associated with the metabolic dysfunction associated with obesity, which links causally to insulin resistance and the metabolic syndrome 9 . Even in children and adolescents, metabolic complications of excess body fat are detectable, and in clinical settings the state of chronic inflammation in these subjects is, too, well established 10 -13 . Several large-scale population based studies demonstrating that proxies for body fat (i.e. BMI and skinfold thickness) are significant predictors of CRP also in young apparently healthy children and adolescents from around the world have been published in the last 5 years 14 -16 . Pro-inflammatory cytokines, such as IL-6 and TNF-a have also been studied in overweight paediatric populations, and while IL-6 has shown good correlations with body fat 11, 17 , there is no consensus regarding TNF-a concentrations; some studies have found elevated concentrations 17, 18 , while others have not 11, 19 . Other inflammatory markers are less well studied. The Spanish adolescent population has a high prevalence of overweight, including central obesity 20 . In this population (data from the AVENA study), associations between proxies of body fat and complement factors (i.e. C3 and C4) were generally stronger than for CRP, and C3 was also shown to be associated with abdominal obesity measured by waist circumference, independently of total body fat 21 . In this same study, ceruloplasmin correlated with body fat, but only in girls 21 . There could be several causes for the association between overweight and body fat with chronic low-grade inflammation, but the mechanisms are yet not entirely understood. Adipose tissue is known to have endocrine functions. The most direct mechanism could be that adipose tissue is a direct source of pro-inflammatory cytokines such as IL-6 and TNF-a, which in turn induce hepatic synthesis of acute-phase proteins (i.e. CRP and complement factors) 2, 9 . An important question still to be answered is how adiposity regulates inflammation during childhood and adolescent overweight and obesity, in order to increase our knowledge of the possible mechanisms involved in the development of related diseases or disorders.
Anti-inflammatory effects of physical activity and fitness?
In disease-free children and adolescents, several interesting studies have assessed the interaction between inflammation, physical activity, cardiorespiratory fitness and fatness 7,17,22 -28 . Physical activity is defined as any body movement produced by skeletal muscular action that increases energy expenditure. Exercise is a sub-category of physical activity which is planned, structured and repetetive with the objective of increasing one or more components of physical fitness, often cardiorespiratory fitness. Cardiorespiratory fitness is the overall capacity of the cardiovascular and respiratory systems and the ability to carry out prolonged strenuous exercise 29 . Leisure time exercise in children (assessed by questionnaire) has been found to have negative correlations with serum IL-6 concentrations, independently of adiposity and fat localisation 24 , and in 10 year-old children, a borderline significant negative association was observed between CRP and self-reported physical activity, independently of ponderal index 22 . Only one study has used accelerometry (an objective measure of total physical activity, compared to leisure time physical activity or exercise) instead of questionnaires. In this study of 9 year-old children from the Swedish part of the European Youth Heart Study, no associations with physical activity and either CRP, fibrinogen, C3 or C4 were observed 27 . It has been estimated that as many as 20 % of Spanish adolescents have a level of cardiorespiratory fitness that could be indicative of future CVD 30 , and data from this study (the AVENA study) showed that cardiorespiratory fitness seemed to counteract the relationship between obesity and increased cardiovascular risk in these adolescents 31, 32 . In regard to inflammatory markers, we showed that fitness was independently associated with C3 (but not to CRP, C4 or ceruloplasmin) after adjusting for BMI in male adolescents, which might indicate, at least in part, an anti-inflammatory effect, independent of adiposity, of fitness in this population 7 . Several other studies in children, adolescents and young adults have correlated fitness with lower levels of CRP, IL-6 and TNF-a 22,26 -28 but this correlation has not always been clearly independent of body fat.
Because low physical activity and fitness, and increased adiposity, often occur in combination, masking their independent effects, more research is needed to elucidate this complex relationship.
Diet and inflammation
Many interesting reviews in this supplement address the interactions between nutrients and immune status, including inflammation, in animals or in adults, and most studies are concerned with diseased populations or ones with a high risk of a certain disease. Studies in healthy adults are scarce and only in recent years have a few epidemiological studies associated dietary patterns or habits with biomarkers of inflammation. This research question is addressed even less frequently in large-scale populations of healthy adolescents.
In one study of children and adolescents associating food intake with inflammation, total fat intake and percentage of energy from fat was shown to predict CRP levels in 6 to 14 y old Swiss children, independent of BMI 11 . In this same study, meat consumption predicted serum IL-6 levels but intakes of vitamin C, E and b-carotene predicted neither CRP nor IL-6 concentrations 11 . In the NHANES III cohort, magnesium consumption has very recently been associated with CRP levels, showing that subjects with intakes below the Recommended Daily Allowances (RDA) are more likely to have elevated CRP levels 33 . It has been reported repeatedly that low antioxidant vitamin concentrations and a reduced antioxidant capacity are common in obese children 34, 35 . Overweight adolescents with elevated CRP and IL-6 concentrations have also been shown to have higher plasma concentrations of saturated fatty acids and lower concentrations of n-3 polyunsaturated fatty acids 36 . Serum levels of vitamins or fatty acids are just surrogates of food intake, which is reflected in the fact that in NHANES III, obese children and adolescents (6-19 y) had lower serum a-tocopherol and b-carotene, but no significant differences in intake (assessed by 24 h recalls and food-frequency questionnaires) of these vitamins, or intakes of fruits or vegetables, could be observed 37 . In adults, the Nurse's Health Study carried out in women found a dietary pattern strongly related to inflammatory markers was characterised by sugar-sweetened soft drinks, refined grains, diet soft drinks, and processed meat but low intakes of wine, coffee, cruciferous vegetables and yellow vegetables 38 . This dietary pattern also raised the risk of the development of type 2 diabetes in a follow-up study of the same women (Nurses' Health Study II). This finding may provide evidence that the association between dietary factors and the risk of type 2 diabetes may be mediated in part by inflammation. The Mediterranean diet (characterised as rich in olive oil, fruits, nuts, vegetables, wholegrain breads, fish and lean meat) has also been studied together with inflammatory markers in epidemiological studies in adults, associating those who most strictly followed the Mediterranean diet with lower CRP and IL-6 levels than those who did not follow this type of diet 39 . The difficulties with assessing food intake in humans, and especially in young people are well known 40 , and ensuring adequate statistical power when examining the relationship between dietary intakes and inflammatory markers in healthy populations is a difficult task. This challenge could explain some of the lack of published information, but should certainly not be a deterrent to pursuing this line of research.
Conclusions
More and more evidence suggest that low-grade chronic inflammation predicts an increased risk of chronic disease and promotes its progression. Both the underlying causes and preventive measures for this state in early ages are related to lifestyle factors. The association between diet, physical activity and obesity is well established, and between obesity and inflammation ( Fig. 1 ). There may, however, also be indirect associations between dietary compounds, patterns of physical activity and fitness with inflammation. For public health strategies and preventive purposes, it is of importance to understand the relative influence of modifiable factors on low-grade inflammation from an early age. Understanding the interactions between nutrition, appropriate weight and physical activity and physical fitness, may be of importance in reducing the future cardiovascular disease risk of young people. Fig. 1 . Consequences of an obesogenic lifestyle on the development of chronic diseases through inflammation. Shown in the figure is the hypothesis that lifestyle predicts future chronic diseases indirectly through inflammation. In apparently healthy adolescents, the association between diet or physical activity and obesity is well established, and between obesity and inflammation as well. There may also be indirect associations between dietary compounds and patterns or physical activity and fitness with inflammation.
